Recent studies using animal models suggest that expression of FABP5 drives the stimulation of cell growth observed in estrogen receptor (ER)-negative breast cancer cells on exposure to retinoic acid (RA). The purpose of this study was to investigate the clinicopathological significance of FABP5 in breast cancer and to evaluate FABP5 as a prognostic marker and a possible novel therapeutic target in breast cancer. Gene expression microarray analysis revealed a significant correlation between elevated FABP5 RNA levels and ER/ progesterone receptor (PR)-negative status, high tumor grade, and poor prognosis. Tissue microarray analysis demonstrated similar correlations with cytoplasmic FABP5 protein. Based on multivariate proportional regression analysis, cytoplasmic FABP5 is a significant and independent prognostic marker of overall survival and recurrence-free survival in breast cancer. The effects of FABP5 on tumor growth appear to be mediated primarily through cytoplasmic FABP, because no correlation was found between nuclear FABP5 and ER/PRnegative status, recurrence, and survival. FABP5 knockdown in breast cancer cell lines demonstrates a correlation between FABP5 levels and growth response to RA. We propose a model whereby growth-promoting FABP5 competes with growth-inhibiting CRABP2 for RA, with retention of RA in the cytoplasm by FABP5 preventing the inhibition of tumor growth.
Breast cancer is the most commonly diagnosed invasive cancer among women and is a leading cause of cancerrelated deaths worldwide. During the last few decades, efforts have focused on identifying and understanding the critical molecular pathways and mechanisms governing breast carcinogenesis and progression. Although these studies have revealed marked biological heterogeneity in breast cancers, they have also led to improved management of breast cancer through identification of specific and effective systemic therapies targeting distinct molecular biological subtypes. 1, 2 Most notably, treatments targeting the estrogen receptor/progesterone receptor (ER/PR) or epidermal growth factor receptor 2 (HER2) have dramatically improved clinical outcomes of the ER/PR-positive and HER2-amplified breast cancer patients, respectively. 3, 4 However, there are still no validated molecular therapeutic targets for breast cancers lacking these receptors. 4 Long-chain polyunsaturated fatty acids (PUFAs) and retinoic acid (RA) are regulators of gene expression that play critical roles in modulating various biological processes, including cell proliferation and differentiation. Accumulating evidence supports a role for these compounds in controlling or inhibiting the growth of human cancer including breast cancer, [5] [6] [7] [8] [9] but trials of PUFAs and RA in the prevention and treatment of breast cancer have not demonstrated benefit to the patient. Use of RA in cancer therapy, for example, is hampered by both the toxicity of RA and the development of resistance to RAmediated growth-inhibitory effects during tumorigenesis. 10 In fact, RA has been shown to stimulate the growth of a subset of breast cancers. 11, 12 More recently, RA was found to inhibit proliferation of ER-positive human breast cancer cells, but had no effect on most ER-negative Accepted for publication November 5, 2010. Supplemental material for this article can be found at http://ajp. amjpathol.org or at doi:10.1016/j.ajpath.2010.11.075. breast cancer cells. 13, 14 In-depth understanding of the various PUFAs and RA molecular signaling networks in breast cancer cells would facilitate rational evaluation for breast cancer prevention and treatment. 15 PUFAs and RA play important roles in gene regulation in both normal and cancer cells by binding and activating their corresponding nuclear receptors, peroxisome proliferator-activated receptors (PPARs), retinoic acid receptors (RARs), or retinoid X receptors (RXRs). 16, 17 Because PUFAs and RA are hydrophobic molecules, their cellular uptake, transportation, metabolism, and nuclear translocation (as well as interaction with their nuclear receptors) must be facilitated by their corresponding intracellular lipid-binding proteins. To date, at least 17 intracellular lipid-binding proteins, including fatty acid-binding proteins (FABPs), cellular retinol-binding proteins (CRBPs), and cellular retinoic acid-binding proteins (CRABPs) have been identified in vertebrates. 18, 19 In recent years, some intracellular lipid-binding proteins have emerged as potentially important factors implicated in a variety of human cancers. 20, 21 In particular, FABP7 and FABP4 have been shown to be associated with the basal phenotype/patient outcome in breast cancer and as a novel prognostic factor in obese breast cancer patients, respectively. 22, 23 Using a mouse mammary tumor model, alternative activation of different nuclear receptors (RAR and PPAR␤) by RA was shown to be mediated by different intracellular lipid-binding proteins (CRABP2 in the case of RAR and FABP5 in the case of PPAR␤). 11, 12 This RA dichotomy may help to explain the opposing effects of RA on different subsets of breast cancer.
Studies with cell lines and animal models support an adverse role for FABP5 in breast cancer biology. In the present study, we used gene profiling and tissue microarray (TMA) analysis to investigate FABP5 expression in a well-characterized cohort of human breast cancers. We demonstrated that FABP5 (RNA and cytoplasmic protein) is preferentially expressed in ER/PR-negative breast cancers and correlates with high histological grade and a poor prognosis. Our results suggest that FABP5 may be an important therapeutic target for ER/PR-negative breast cancer.
Materials and Methods

Patients and Tissue Samples
A total of 176 treatment-naïve primary breast cancer samples and 10 normal breast tissue samples (from reduction mammoplasties) were obtained through the Canadian Breast Cancer Foundation Tumor Bank and were used for gene expression microarray analysis, as previously described. 24 Patient material and clinical information was collected under Research Ethics Board Protocol ETH-02-86-17. All tumor tissue samples were frozen in liquid nitrogen within 20 minutes of devitalization. At least 70% of the cells present were invasive tumor cells, based on histological analysis of tissue adjacent to the frozen samples.
Patients received standardized guideline-based chemotherapy and hormone therapy, which include hormone therapy for all patients with ER-positive tumors, trastuzumab for those with HER2-positive tumors, anthracycline chemotherapy for high-risk node-negative disease, and anthracycline plus taxane chemotherapy for nodepositive disease. The 176 patients selected for this study comprised 88 patients who experienced early relapse (Ͻ5 years after the initial treatment) and 88 patients who had not relapsed (as of September 30, 2009 ). ER, PR, and HER2 status, stage, and time of follow-up were balanced between the two groups. The median follow-up time for surviving patients was 4.5 years.
Gene Expression Microarray Analysis
Total RNA was isolated from frozen human breast tumor biopsies using TRI reagent (Sigma-Aldrich, Oakville, ON, Canada) and was further purified using Qiagen RNeasy columns (Qiagen, Mississauga, ON, Canada) according to the manufacturer's recommended protocol. The RNA was then quantified using a NanoDrop 1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE) and its integrity was evaluated using a Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA) according to the manufacturer's protocol. RNA samples with RNA integrity numbers (RIN) greater than 7.0 were used in this study.
The RNA samples were linearly amplified, labeled with Cy3, and hybridized to Agilent whole human genome arrays using Agilent kits (one-color, low RNA input linear amplification kit PLUS; one color RNA spike-in kit; and gene expression hybridization kit) according to the manufacturer's directions. The arrays were scanned using an Agilent scanner. The data were extracted and evaluated for quality using Feature Extraction Software 9.5 and were normalized and analyzed using GeneSpring GX 7.3 (Agilent Technologies). The data used in this publication have been deposited in the U.S. National Center for Biotechnology Information (NCBI) Gene Expression Omnibus 25 and are accessible through GEO series accession number GSE22820 (http://www.ncbi.nlm.nih. gov/geo/query/acc.cgi?).
Reverse Transcription-PCR
First-strand cDNAs were synthesized using SuperScript reverse transcriptase II (Invitrogen, Burlington, ON, Canada). The following oligonucleotide primers were used for PCR amplification: FABP5, sense 5=-GAATACATGAAG-GAGCTAGG-3=, antisense 5=-ACTGAGCTTGGTCATTC-TC-3=; ␤-actin, sense 5=-CTGGCACCACACCTTCTA C-3=, antisense 5=-CATACTCCTGCTTGCTGATC-3=. The PCR reactions were conducted in 20-L reaction volumes containing 0.5 U of Taq DNA polymerase, 1.5 mmol/L MgCl 2 , 200 mol/L of each dNTP, 0.25 mol/L of each primer, and 1 L cDNA template. Following an initial denaturation step at 94°C for 2 minutes, the reaction was subjected to 30 cycles of amplification at 94°C for 30 seconds, 55°C for 30 seconds, and 72°C for 30 seconds, with a final extension at 72°C for 7 minutes. Samples were size-fractionated in a 1% (w/v) 998 Liu et al AJP March 2011, Vol. 178, No. 3 agarose gel, and DNA was visualized using ethidium bromide and UV light. Negative controls included all reverse transcription (RT)-PCR components with the exception of the cDNA template.
siRNA Knockdown, Western Blot Analysis, and Immunohistochemistry
Hs578T and MDA-MB-231 cells were transfected with 10 nmol/L scrambled siRNAs (catalog no. 12935-200 and 12935-300; Invitrogen) or 10 nmol/L FABP5 siRNA (5=-UGUACCCUGGGAGAGAAGU-3=; Sigma-Aldrich) using the lipofectamine RNAiMAX reagent (Invitrogen). For immunostaining, cells were harvested 60 hours after transfection, fixed in formalin, embedded in paraffin, and immunostained with anti-FABP5 antibody (1:200 dilution) (HyCult Biotechnology, Canton, MA). For cell growth experiments, transfected cells were seeded in triplicate and cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum for 24 hours before addition of 0, 0.5, 1, or 2 mol/L all-trans-RA (Sigma-Aldrich). Cells were harvested after 4 days (MDA-MB-231) or 2 days (MCF-7) in culture and were counted using a particle and size analyzer (Coulter Corporation, Hialeah, FL). Cell counts were averaged and were analyzed with Student's t-test.
Western blot analysis was performed using 50 g whole cell lysates per lane. Proteins were separated by SDS-polyacrylamide gel electrophoresis and were transferred to polyvinylidene difluoride membranes. Blots were immunostained with anti-HA (1:100,000; Santa Cruz Biotechnology, Santa Cruz, CA), anti-FABP5 (1:1000; Hy-Cult Biotechnology), or anti-actin (1:50,000; Sigma-Aldrich) antibodies. Primary antibodies were detected with horseradish peroxidase-conjugated secondary antibodies using the Immobilon Western detection system (Millipore, Billerica, MA).
Tissue Microarray Analysis
Tissue microarrays (TMArrayer; Pathology Devices, Westminster, MD) were generated using all available formalin-fixed paraffin-embedded breast tumor tissue blocks (from 120 of the original 176 patients). The TMA slides contained triplicate core tissue samples (0.6 mm in diameter) from each tumor. TMAs were deparaffinized in xylene, rehydrated, and microwaved for 20 minutes at 750 watts in epitope retrieval buffer (10 mmol/L citrate, 0.05% Tween-20 with pH 6.0). The TMAs were then immunostained with anti-FABP5 antibody (1:200), and the signal was detected using EnVisionϩ anti-rabbit secondary system (DakoCytomation, Carpinteria, CA). Tissues were counterstained with hematoxylin and scored.
Cytoplasmic and nuclear FABP5 immunoreactivity were scored separately, based on the average staining signal intensity throughout the tumor tissue on a scale of 0 (negative), 1 (weak), 2 (intermediate), and 3 (strong). Cytoplasmic staining was calibrated by scanning all of the tumor tissues to determine the range of staining intensities. The tumors showing the strongest staining were scored as 3, and tumors showing undetectable staining were scored as 0. A score of 1 indicates a weak but detectable signal, and a score of 2 indicates a moderate staining intensity. Of the 120 tumor samples, 109 had sufficient tissue for analysis. With the exception of 9 tumor samples, FABP5 immunoreactivity was consistent in 100% of the tumor cells throughout each core. All samples were independently scored by two observers (D.D.G. and D.R.G.) blinded to clinical outcomes. The agreement between the two sets of scores had a Cohen's value of 0.68 (substantial agreement). Cohen's interrater agreement () test was used to evaluate agreement among scores from the triplicate cores. The average value was 0.75 (good agreement) and 0.73 (good agreement) for cytoplasmic and nuclear immunoreactivity scores, respectively.
Statistical Analysis
All statistical analysis was performed using MedCalc version 11.1 (MedCalc Software, Mariakerke, Belgium). For gene expression microarray data, FABP5 signal intensity values were log-transformed and receiver operating characteristic (ROC) curve analysis was used to determine the cutoff point for high versus low: 0.768 with sensitivity 70.2 and specificity 43.7 for overall survival and 0.768 with sensitivity 68.2 and specificity 46.6 for recurrence-free survival. For TMA data, cytoplasmic and nuclear staining were separately classified as low (scores of 0 or 1) or high (scores of 2 or 3). Tissues were categorized in this manner because 92.7% of tissue samples showed some immunoreactivity to anti-FABP5 antibody, with considerable cytoplasmic and nuclear variation observed from tissue to tissue. Student's t-test (gene expression microarray data) or 2 test (TMA data) was used to test the significance of the associations among FABP5 mRNA or immunoreactivity levels and clinicopathologic factors. Overall survival and recurrence-free survival were analyzed using logrank test on Kaplan-Meier survival probabilities. Cox proportional-hazards regression model was used to test independence and statistical significance of different predictive variables (covariates) on overall and recurrence-free survival. The predictive variables shown to be significant in the univariate model and included in the multivariate regression model were ER (negative vs positive), PR (negative vs positive), histological grade (not high vs high), and FABP5 cytoplasmic immunoreactivity (0, 1, 2, 3). The backward-enter method was used to remove the nonsignificant variables (P Ͼ 0.10) from the multivariate regression model.
Results
Expression of FABP5 mRNA in Human Breast Cancer Tumors and Cell Lines
Gene expression profiling of 176 primary human breast tumors and 10 normal breast tissue samples was performed. Eighty-eight tumors (50%) were from patients 
1000
Liu et al AJP March 2011, Vol. 178, No. 3 ( Figure 1A) . Each PCR band was quantitated using ␤-actin as the standard and the resulting values, compared with the corresponding gene expression microarray signal intensity scores using Spearman's rank correlation analysis ( Figure 1B) . The coefficient of rank correlation ϭ 0.71 (P Ͻ 0.0001) indicates that the semiquantitative RT-PCR data are in good agreement with the gene expression microarray data. We also analyzed 11 breast cancer cell lines for FABP5 mRNA expression by semiquantitative RT-PCR. FABP5 RNA at varying levels was detected in 7 of the 11 cell lines ( Figure 1C ). Of these seven cell lines, the three with the highest levels of FABP5 mRNA (Hs578T, HTB-129, and MDA-MB231) have been reported to be negative for ER and PR. 26, 27 MDA-MB231 is also negative for HER2, 27 but the HER2 status of HTB-129 and Hs578T is not known.
FABP5 mRNA Levels Are Significantly Higher in ER/PR-Negative Tumors and Are Associated with High Tumor Grade and Poor Prognosis
Correlation of FABP5 mRNA levels with ER/PR status and other commonly used clinicopathological parameters was examined using Student's t-test (Table 1) . FABP5 mRNA levels were significantly higher in ER-negative (P Ͻ 0.0001) and PR-negative (P Ͻ 0.0001) tumors, compared with ER/PR-positive tumors. The ratio of geometric (and arithmetic) means for negative versus positive tumors was 2.03 (2.55) for ER and 1.76 (2.36) for PR. These results suggest preferential expression of FABP5 in ER/ PR-negative breast cancers. The difference in FABP5 mRNA levels between HER2-negative and -positive tumors did not reach significance [P ϭ 0.0538; ratio ϭ 1.29 (1.57)]; however, FABP5 RNA levels were significantly higher in triple-negative breast cancers [P ϭ 0.0001; ratio ϭ 1.46 (2.21)]. FABP5 mRNA levels were elevated in tumors with a high histological grade, compared with tumors with a low histological grade (P Ͻ 0.0001). High levels of FABP5 mRNA were also associated with younger age (dichotomized at 60 years; P ϭ 0.026), premenopausal status (P ϭ 0.031), and ductal rather than lobular histology (P ϭ 0.016).
To examine the relationship between FABP5 mRNA levels and patient outcomes, normalized gene expression microarray signal intensity scores were categorized into high versus low, using a cutoff point of 0.768 as defined in Materials and Methods. Of the 176 patients, 107 (61%) were classified as having high FABP5 mRNA (Ͼ0.768) and 69 (39%) as having low FABP5 mRNA (Յ0.768). The relationship between FABP5 mRNA levels and overall survival (Figure 1D , left) or recurrence-free survival ( Figure 1D , right) was assessed using the log-rank test on Kaplan-Meier survival probabilities. Patients with high FABP5 mRNA levels had a significantly lower probability of survival than those with low FABP5 levels [log-rank test P ϭ 0.0296, hazard ratio (HR) ϭ 1.79, 95% confidence interval (CI) ϭ 1.06 to 3.02]. Similarly, high FABP5 mRNA levels were significantly associated with the probability of recurrence-free survival (P ϭ 0.0186, HR ϭ 1.87, 95% CI ϭ 1.11 to 3.16).
Examination of two breast cancer gene expression microarray datasets (accession numbers GDS2250 28 and GDS1329 29 ) deposited in the GEO database at NCBI (http://www.ncbi.nlm.gov/) revealed higher levels of FABP5 in basal type or basal-like type breast cancers, compared with non-basal-like tumors or normal breast tissue (data not shown). Because basal breast cancers are characterized by negative ER/PR status and poor prognosis, these data are in general agreement with our observations. We further verified the prognostic significance of FABP5 by survival analysis using a publicly accessible online tool (http://kmplot.com/breast/), KM Plotter. 30 Recurrence-free survival of 1593 patients classified using a median expression cutoff for FABP5 indicates that high FABP5 expression correlates with shorter survival (log-rank P ϭ 1.5 ϫ 10 Ϫ6 , HR ϭ 1.4) ( Figure 2 ).
Cytoplasmic FABP5 Immunoreactivity Is Associated with Negative Clinicopathologic Features
FABP5 is an intracellular protein found in both the cytoplasm and the nucleus. Its translocation to the nucleus in response to RA facilitates PPAR␤ activation, which in turn affects cell survival/proliferation. 11 To gain insight into possible mechanisms of action of FABP5 protein, we examined its subcellular distribution in 120 of the 176 breast cancers included in the gene expression microarray. To ensure that the anti-FABP5 antibody used for these analyses did not cross-react with other members of the FABP family expressed in breast cancer (ie, FABP3, FABP4, FABP7), we overexpressed each of the four HA-tagged FABPs in a human malignant glioma cell line (T98) known to be negative for all four FABPs (unpublished data). Lysates from transfected cells were sequentially immunostained with anti-FABP5 and anti-HA antibodies. No cross-reactivity to other members of the FABP family was detected ( Figure 3A) .
Next, we examined FABP5 expression in Hs578T cells (which express abundant FABP5 RNA based on RT-PCR) transfected with FABP5 siRNA. There was ϳ75% reduction in FABP5 signal intensity in cells transfected with FABP5 siRNA, compared with cells transfected with a scrambled siRNA control (see Supplemental Figure S1 at http://ajp.amjpathol.org). Immunostaining of paraffin-embedded BT-20 (which expresses little or no FABP5 RNA, based on RT-PCR), Hs578T, Hs578T transfected with scrambled siRNA, and Hs578T transfected with FABP5 siRNA revealed significant reductions in signal intensity in BT-20 and Hs578T cells transfected with FABP5 siRNA, compared with Hs578T and Hs578T cells transfected with control siRNA (see Supplemental Figure S1 , B-E, at http://ajp.amjpathol.org).
Immunostaining of breast cancer TMAs with anti-FABP5 antibody revealed the presence of FABP5 in both the cytoplasm and nucleus (Figure 3 , B-F). Of the 109 patients with sufficient tissue for immunohistochemical analysis, 61 (56%) patients experienced early relapse and 38 (44%) were dead at the time of analysis. Correlations between cytoplasmic or nuclear FABP5 (hereafter termed FABP5c and FABP5n) protein levels and clinicopathological characteristics are shown in Table 1 . FABP5c, but not FABP5n, was significantly higher in ER-negative (P ϭ 0.0009), PRnegative (P ϭ 0.0041), triple-negative (P ϭ 0.0005), and high histological grade tumors (P ϭ 0.0062). Among the determinants of overall histological grade, FABP5c levels were significantly correlated with nuclear grade (P ϭ 0.0432) and mitotic grade (P ϭ 0.0013), but not with architectural grade (P ϭ 0.3446). Significantly higher death (P ϭ 0.0135) and recurrence (P ϭ 0.0435) frequencies were observed in patients who had tumors with elevated FABP5c. Of note, there was no significant correlation between FABP5n and any of the pathological parameters examined. When performing 2 analysis, we separated the 
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Liu et al AJP March 2011, Vol. 178, No. 3 four FABP5 immunoreactivity scores (0, indicating negative staining; 1, weak; 2, medium; 3, strong) to test the significance of linear trends between FABP5 immunoreactivity and clinicopathological factors. The linear trends for all significant correlations reached very significant levels (P trend Ͻ 0.01) ( Table 1 ).
FABP5 Is a Strong and Independent Prognostic Factor of Breast Cancer Prognosis
Kaplan-Meier overall and recurrence-free survival curves were generated based on subcellular immunoreactivity of FABP5. High levels of FABP5c (scores of 2 or 3; n ϭ 62) were associated with significantly lower overall survival probability (P ϭ 0.013, HR ϭ 2.2) and marginally significantly lower recurrence-free survival (P ϭ 0.0551, HR ϭ 1.64), compared with low FABP5c levels (scores of 0 or 1; n ϭ 47) ( Figure 4A ). FABP5n (scores of 0 and 1 vs scores of 2 and 3) was not associated with either overall (P ϭ 0.7806, HR ϭ 0.89) or recurrence-free survival (P ϭ 0.8393, HR ϭ 0.94) ( Figure 4B ). However, for the comparison of FABP5n scores of 3 versus 0, 1, and 2, a significant correlation was observed with low survival (P ϭ 0.0173) but not recurrence-free survival (P ϭ 0.0828).
Cox multivariate proportional-hazards regression analysis was used to test the prognostic significance of FABP5 subcellular immunoreactivity in relation to other commonly used significant prognostic factors (ER, PR, histological grade). FABP5c, but not FABP5n, retained independent prognostic significance for both overall and recurrence-free survival ( Table 2) . For overall survival, FABP5c (P ϭ 0.0273, HR ϭ 1.61) and PR (P ϭ 0.0743, HR ϭ 0.50) were retained in the model as significant predictor variables after backward proportional modeling. For recurrence-free survival, all four factors [including FABP5c (P ϭ 0.0398, HR ϭ 1.43)] acted as significant and independent covariates in the model ( Table 2 ). The P values for the whole regression model were 0.0021 for overall survival and 0.0016 for recurrence-free survival, indicating a very strong model fit ( Table 2) .
Survival curves for all four FABP5c immunoreactivity levels (0, 1, 2, and 3) at the means of the other covariates in the model showed a consistent decrease of overall and recurrence-free survival probability with increasing FABP5c immunoreactivity ( Figure 4C ). These results suggest a strong and independent role for FABP5c in breast cancer prognosis.
Depletion of FABP5 in Breast Cancer Cell Lines Modulates Cell Proliferation and Responsiveness to RA
To examine a possible role for FABP5 in stimulating breast tumor cell proliferation, we first analyzed the relationship between FABP5 and the cell proliferation marker Ki-67 in 105 tumors for which we had Ki-67 immunostaining data. A steady increase in the percentage of Ki-67positive cells was observed with increasing cytoplasmic FABP5 (P Ͻ 0.001) ( Figure 5A ), but not nuclear FABP5 (P ϭ 0.12) (data not shown). To investigate the actual effect of FABP5 on cell proliferation, we used FABP5 siRNA to reduce FABP5 levels in Hs578T, a breast cancer cell line with elevated levels of FABP5 ( Figure 1C ; see also Supplemental Figure S1 at http:// ajp.amjpathol.org). Depletion of FABP5 resulted in ϳ40% reduction in cell growth (P ϭ 0.0002) ( Figure  5B ), in keeping with a role for FABP5 in stimulating breast cancer cell proliferation. Next, we addressed the possibility that relative FABP5 and CRABP2 levels might affect cellular response to RA. The MCF-7 cell line, which expresses relatively high levels of both CRABP2 and FABP5 ( Figures 1C and 5E) , was treated with different concentrations of RA, and cells were counted 2 days later. A significant reduction in MCF-7 cell growth was observed in the presence of 1 mol/L RA, compared with control (P Ͻ 0.05) ( Figure 5C ). To more directly assess the importance of the CRABP2/FABP5 ratio in controlling cell growth in response to RA, we conducted a FABP5 knockout experiment using MDA-MB-231, a breast cancer cell line with a low CRABP2/FABP5 ratio ( Figures 1C and 5E ). Transfected cells (scrambled and FABP5 siRNAs) were then treated with RA. A significant 
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Liu et al AJP March 2011, Vol. 178, No. 3 increase in the growth rate of control cells was observed in the presence of RA ( Figure 5D ). In contrast, FABP5-depleted cells showed no response to RA, likely a reflection of the relative increase in the ratio of CRABP2 to FABP5 in these cells.
Discussion
FABP5 (also termed epidermal FABP, E-FABP, or psoriasis-associated fatty acid-binding protein, PA-FABP) was first identified in human skin cells. 31 It was later found to be expressed in many other tissues, including mammary gland. 32, 33 The physiological function of this protein remains elusive, and evidence supporting a role for FABP5 in human cancers is limited. Up-regulation of FABP5 RNA and protein has been observed in prostate and breast cancer cell lines relative to benign cell lines. 34, 35 Furthermore, overexpression of FABP5 in a rat mammary epithelial cell line induces metastasis. 35, 36 Most notably, recent studies by Noy and colleagues 11, 12 have demonstrated a role for FABP5 in mediating RA action in a mouse mammary cancer model and human breast cancer cell lines by targeting PPAR␤, a nuclear receptor associated with cell survival/proliferation. These investigators showed that the ratio of CRABP2 and FABP5 determines whether RA plays a role in the inhibition of cell growth through the RA-CRABP2-RAR pathway or a role in cell survival through the RA-FABP5-PPAR␤ pathway. 12 FABP5 is up-regulated by EpCAM, 37 a tumor-associated epithelial cell adhesion molecule with a negative prognostic effect in breast cancer. 38, 39 FABP5 is a major target of the proto-oncogene c-Myc, 40 which is also rapidly up-regulated by de novo expression of EpCAM, 41 and implicated in breast tumor formation and progression. 42 These results suggest an EpCAM-c-Myc-FABP5 link in human breast cancers. These combined in vivo and in vitro data indicate that FABP5 expression may promote breast cancer cell survival and tumor progression.
Little is known about FABP5 abundance and distribution in human breast cancer and its clinicopathologic correlates and prognostic relevance. Taking advantage of a well-characterized cohort of breast cancer patients and using both gene profiling and TMA datasets, we found an association between FABP5 expression, ER/PR status, and clinical outcome. In support of the hypothesis that FABP5 promotes cell growth/survival based on in vitro studies and animal models, 11, 12 we found that elevated levels of FABP5 mRNA and cytoplasmic localization of FABP5 are strongly associated with poor prognosis and adverse clinicopathologic features in breast cancer. There was also a correlation between the highest levels of nuclear FABP5 (score of 3) and reduced survival. These results are in general agreement with previous reports suggesting that FABP5 mobilization to the nucleus is at the heart of its involvement with RA and PPAR␤. 11 We speculate that RA-FABP5-PPAR␤ is a secondary pathway modulating cell survival/proliferation, with the involvement of this pathway generally obscured by the primary tumor growth-inhibiting RA-CRABP2-RAR pathway. In agreement with this idea, the binding affinity of CRABP2 and RAR for RA is much higher (the dissociation constant K d is in the 0.1Ϫ0.2 nmol/L range) 43, 44 than the binding affinity of FABP5 and PPAR␤ for RA (K d in the 10 to 50 nmol/L range). 45 When highly enriched in the cytoplasm, FABP5 can compete with CRABP2 for RA ligand binding, thus reducing the availability of free RA directed toward the RA-CRABP2-RAR pathway. Consequently, the tumor growth-inhibiting function of RA is restricted under these conditions and the secondary cell survival/proliferation pathway becomes more potent.
As suggested by studies conducted with animals and cell lines, the relative level of FABP5 and CRABP2 may be a critical determinant for cellular proliferation and RA responsiveness. We therefore analyzed the clinical significance of the CRABP2/FABP5 ratio in breast cancer tumor tissue based on FABP5 and CRABP2 gene expression microarray signal intensities. As predicted from previous animal and in vitro studies, patients with tumors characterized by a high CRABP2/FABP5 ratio had significantly longer overall survival (P ϭ 0.0051) and marginally significant longer recurrence-free survival (P ϭ 0.0677), thus providing clinical evidence for the opposing effects of these two cellular RA-binding proteins on tumor progression and prognosis ( Figure 6 ). In further support of the opposite natures of CRABP2 and FABP5, our in vitro data indicate that the CRABP2/FABP5 ratio in breast cancer cell lines affects cellular response to RA, with an increased CRABP2/FABP5 ratio associated with decreased cell growth in the presence of RA.
We propose a model whereby cytoplasmic FABP5 abundance modulates the balance between the two opposing RA-related pathways (Figure 7) . Because high cytoplasmic FABP5 immunoreactivity is associated with ER/PR negativity and high tumor grade, and because RA-mediated tumor growth/cell survival is generally observed in ER-negative and advanced-stage human breast cancer, 13, 46 we suggest that elevated levels of FABP5 in the cytoplasm acts as an inhibitor of RA activity by sequestering this molecule in the cytoplasm of ERnegative breast cancer cells. As a consequence, RA is unavailable for CRABP2-mediated activation of the growth-inhibiting nuclear receptor RAR. Drugs designed to block FABP5 in ER-negative and advanced-stage breast cancers may therefore be key to overcoming RA resistance and improving clinical outcomes in ER-negative breast cancer patients.
FABP5 has previously been shown to be associated with increased proliferation, tumorigenicity, and metastasis in prostate cancer, and elevated levels of FABP5 are significantly associated with a poorer prognosis in these cancers. 34, 36, 47 Furthermore, depletion of FABP5 in a prostate cancer cell line dramatically inhibited cell proliferation and tumorigenicity in nude mice. 48 Another member of the FABP family, FABP4, which is closely related to FABP5, has recently been shown to be associated with increased breast cancer risk in obese patients. 22 In contrast to FABP4 and FABP5, overexpression of two other members of the FABP family, FABP3 (also known as mammary-derived growth inhibitor, MDGI) and FABP7 (also known as mammary-derived growth inhibitor-related gene, MRG) reduce breast cancer cell proliferation and tumorigenicity in nude mice. 49, 50 Two recent studies Figure 6 . Patient survival based on CRABP2/ FABP5 ratio. The ratios were obtained by dividing normalized gene expression microarray signal intensity of CRABP2 with that of FABP5. Cutoff values (0.4193 and 0.6287 for overall and recurrence-free survival, respectively) were determined by ROC analysis as described in Materials and Methods. Overall (left) and recurrencefree (right) survival curves were generated by Kaplan-Meier survival analysis.
Figure 7.
A schematic model illustrating the role of cytoplasmic FABP5 in regulating retinoic acid (RA) availability in breast cancer cells. When cytoplasmic FABP5 levels are high relative to CRABP2 (A), RA is preferentially bound to FABP5, thus increasing cell survival. When cytoplasmic FABP5 levels are low relative to CRABP2 (B), RA is preferentially bound to CRABP2, thus decreasing cell survival.
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Liu et al AJP March 2011, Vol. 178, No. 3 have demonstrated significant correlations between FABP7 immunoreactivity and absence of ER/PR expression in breast cancer. 23, 51 One group suggested that elevated levels of FABP7 may underlie high histological grade and poor prognosis in basal-like breast tumors, 51 but the other group observed a better prognosis in FABP7-positive basal-like breast tumors. 23 These data highlight the need for further studies to clarify the various roles of FABPs and their ligands in breast cancer formation and progression.
In summary, through gene profiling and TMA analysis, we have identified FABP5 as a novel and strong independent prognostic factor in human breast cancer. We have demonstrated that FABP5 is preferentially expressed in ER/PR-negative breast cancer patients with a poor prognosis, and that the prognostic value of FABP5 depends on its localization to the cytoplasm. We have provided evidence in support of a model whereby the relative ratio of FABP5 and CRABP2 in the cytoplasm determines a cancer cell's response to RA. We propose that FABP5 may serve as a novel prognostic biomarker and potential therapeutic target for ER/PR-negative and RA-resistant breast cancers.
